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Chronic intermittent hypoxia induces local inflammation
of the rat carotid body via functional upregulation
of proinflammatory cytokine pathways
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Abstract Maladaptive changes in the carotid body (CB)
induced by chronic intermittent hypoxia (IH) account for
the pathogenesis of cardiovascular morbidity in patients
with sleep-disordered breathing. We postulated that the
proinflammatory cytokines, namely interleukin (IL)-1p, IL-
6 and tumor necrosis factor (TNF)-«, and cytokine recep-
tors (IL-1r1, gp130 and TNFr1) locally expressed in the rat
CB play a pathophysiological role in IH-induced CB
inflammation. Results showed increased levels of oxidative
stress (serum 8-isoprostane and nitrotyrosine in the CB) in
rats with 7-day IH treatment resembling recurrent apneic
conditions when compared with the normoxic control.
Local inflammation shown by the amount of EDI-con-
taining cells (macrophage infiltration) and the gene tran-
scripts of NADPH oxidase subunits (gp91°"°* and p22P"*)
and chemokines (MCP-1, CCR2, MIP-1¢, MIP-1f and
ICAM-1) in the CB were significantly more in the hypoxic
group than in the control. In addition, the cytokines and
receptors were expressed in the lobules of chemosensitive
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glomus cells containing tyrosine hydroxylase and the levels
of expressions were significantly increased in the hypoxic
group. Exogenous cytokines elevated the intracellular cal-
cium ([Ca®"];) response to acute hypoxia in the dissociated
glomus cells. The effect of cytokines on the [Ca2+]i
response was significantly greater in the hypoxic than in
the normoxic group. Moreover, daily treatment of IH rats
with anti-inflammatory drugs (dexamethasone or ibupro-
fen) attenuated the levels of oxidative stress, gp91P"**
expression and macrophage infiltration in the CB. Collec-
tively, these results suggest that the upregulated expression
of proinflammatory cytokine pathways could mediate the
local inflammation and functional alteration of the CB
under chronic IH conditions.

Keywords Carotid body - Intermittent hypoxia -
Proinflammatory cytokines - Oxidative stress - Sleep apnea

Introduction

Chronic exposure to episodic hypoxia (intermittent
hypoxia, IH) is associated with recurrent apnea in patients
suffering from central/obstructive sleep apnea (OSA).
Clinical manifestations of the OSA patient are allied with
the pathophysiological consequence of chronic IH, leading
to cardiovascular morbidity including systemic hyperten-
sion and increased risk of stroke (Fletcher 2001; Lavie et al.
2000; Shamsuzzaman et al. 2003). In experimental animals,
chronic IH induces increased activities in the carotid che-
moreceptor and sympathetic outflow, which could raise the
arterial blood pressure (Prabhakar et al. 2007a).

The carotid body (CB) is a paired oxygen-sensing organ
located at the bifurcations of the carotid artery. Chemo-
sensitive glomus cells in the CB respond to changes in
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arterial oxygen, carbon dioxide and acidity, and increase
the intracellular calcium ([Ca2+]i) for the release of neu-
rotransmitters including catecholamines and ATP to acti-
vate the chemoreflex for the regulation of cardiorespiratory
performance during hypoxia (Gonzalez et al. 1994; Lahiri
et al. 2001). Also, the CB plays an important role in the
pathogenesis of cardiorespiratory changes induced by
chronic IH, because denervation of the CB eliminates the
hypertensive response to IH (Fletcher et al. 1992). In
addition, it has been shown that chronic IH enhances the
CB chemosensory and ventilatory responses to acute
hypoxia in cats (Rey et al. 2004). In particular, episodes of
IH could induce a prolonged enhancement of baseline
chemoreceptor activity termed long-term facilitation
(LTF), which might lead to the sympathetic activation in
adult rats (Peng et al. 2003). An alteration in the CB
function has also been reported in OSA patients (Nar-
kiewicz et al. 1999).

Oxidative stress (Heitzer et al. 2001; Landmesser and
Harrison 2001) and reactive oxygen species (ROS) are
contributing factors in the pathogenesis of atherosclerosis,
hypertension and OSA (Grieve and Shah 2003; Martinet
and Kockx 2001; Sedeek et al. 2003; Shamsuzzaman et al.
2003). An emerging body of data indicates that specific
extracellular stimuli including cytokines, neurotransmitters
and hypoxia initiate signaling cascades leading to the
production of ROS from mitochondria and NADPH oxi-
dase (Chandel and Schumacker 2000; Thannickal and
Fanburg 2000). Oxidative stress triggered by the increased
production of ROS and nitrogen reactive species could
mediate cellular damages in tissues such as in the heart,
brain and liver (Goldbart et al. 2003; Haussinger and
Schliess 2008; Joyeux-Faure et al. 2005). The chronic
effect of IH resembling hypoxia-reperfusion could be
mediated by increased ROS generation in the CB. In fact,
the IH-induced LTF in the carotid chemoreceptor could be
attenuated by superoxide dismutase mimetic, suggesting an
involvement of ROS in the pathogenic cascades leading to
the alteration of CB function (Peng et al. 2003). This could
account for the pathogenic change in respiratory activities
in the OSA patients (Prabhakar et al. 2007a).

Cytokines are diverse groups of non-antibody intercel-
lular signaling proteins that regulate local and systemic
immune and inflammatory responses in many physiological
processes. Besides, cytokines may play an important role in
the pathogenesis of the cardiovascular morbidity in OSA
patients (Kapsimalis et al. 2008). Recent studies have
demonstrated that levels of circulating proinflammatory
cytokines such as interleukin (IL)-6 and tumor necrosis
factor (TNF)«, soluble adhesion molecules such as inter-
cellular adhesion molecule (ICAM)-1, and chemokines,
such as monocyte chemoattractant protein (MCP)-1, are
elevated in OSA patients (Chin et al. 2000; Entzian et al.
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1996; Minoguchi et al. 2004; Ohga et al. 2003; Yokoe et al.
2003). A role of proinflammatory cytokines in the CB
chemoreception has been proposed because receptors for
IL-1p, IL-6 and TNFa are expressed in the rat CB (Lam
et al. 2008a; Liu et al. 2009; Shu et al. 2007; Wang et al.
2002, 2006). We have also shown that the proinflamma-
tory cytokines could enhance the [Ca2+]i response to
hypoxia in the chemosensitive glomus cells (Lam et al.
2008a). In addition, the CB contains immunoreactivities
against subunits of the phagocyte NADPH oxidase,
gp91P"* and p22P"** (Kummer and Acker 1995; Young-
son et al. 1997), which are expressed by macrophages
found in the CB (Dvorakova et al. 2000). NADPH oxi-
dase-dependent ROS generation has been shown to induce
oxidative stress in local tissues, which could lead to
increased expressions of IL-1f, TNFo and MCP-1 via the
activation of transcriptional activity of nuclear factor
kappa B (NFkB) (Bonizzi et al. 1999; Clark and Valente
2004; Ha and Lee 2005; Qin et al. 2005). However, there
is a paucity of information on the effect of chronic IH on
the local inflammation of the CB and the molecular
mechanism involved in the local inflammatory response
and functional alteration. In this study, we examined the
hypothesis that the expressions of proinflammatory cyto-
kines and cytokine receptors in the CB play a patho-
physiological role in the local inflammation and functional
alteration under chronic IH conditions resembling severe
sleep apnea syndrome in OSA patients.

Materials and methods
Intermittent hypoxia

The animal model and experimental protocol for this study
were approved by the Committee on the Use of Live
Animals in Teaching and Research of The University of
Hong Kong. Male Sprague—Dawley rats at age 28 days (ca.
70 g) were randomly divided into IH and normoxic (Nx)
groups. The rat cages were kept in acrylic chambers under
normobaric conditions and the rats had free access to water
and chow. The Nx controls were kept in room air with
maintenance matching the hypoxic group (Hung et al.
2008; Tipoe and Fung 2003; Tjong et al. 2008; Yeung et al.
2008). For the IH group, the fractional amount of oxygen
levels inside the chamber was altered between 21 and
5 £ 0.5% per min, 60 cycles/h, 8 h per day diurnally
(Hung et al. 2008; Tjong et al 2008; Yeung et al. 2008). As
a result, the inspired oxygen level fell to 4-5% (nadir
arterial oxygen saturation ca. 70%) for about 15 s per min,
which mimics the recurrent episodic hypoxemia in OSA
patients (Fletcher 2001). The desired oxygen level was
established by a mixture of room air and nitrogen that was
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regulated and monitored by an oxygen analyzer (Vacu-
metrics Inc., CA, USA). The chamber was opened daily to
clean the cages and replenish food and water. The rats were
exposed to hypoxia for 3 and 7 days. For the drug treat-
ment, IH rats were intraperitoneally injected with dexa-
methasone (0.1 mg/kg/day) or ibuprofen (4 mg/kg/day)
daily 30 min before the hypoxic exposure for 7 days. The
rats were immediately used in experiments after being
taken out of the chamber.

Serum total 8-isoprostane (IPT) determination

The serum level of total IPT was measured by enzyme
immunoassay (EIA) kit (Cayman Chemical Co., MI, USA).
Total serum IPT determination requires an alkaline
hydrolysis procedure prior to EIA. Briefly, 3 pul serum
diluted with 12 pl EIA buffer was added to 15 pl 15%
wt/vol KOH and incubated at 40°C for 5 min. Then, 30 pl
KH,PO,4 (1 M) and 90 ul EIA buffer were added to the
sample to arrive at a final dilution of 1:50. To start the EIA
assay, in a 96-well plate coated with mouse anti-rabbit IgG,
100 pl of the EIA buffer was added to the wells labeled as
non-specific binding (NSB); 50 pl of EIA buffer was added
to the well labeled as maximum binding (B). Then, eight
serially diluted standards were added to the plates in
duplicates. The IPT competitor (tracer) was added to all the
wells, except those labeled with total activity (TA, the
activity of tracer), and blank. Antiserum of 50 pl was
added followed by an addition of 50 pl tracer to each well
except TA, NSB and blank. The plate was then incubated at
room temperature for 18 h. After incubation, the content
was discarded and rinsed with wash buffer for 5 min.
Ellman’s reagent (200 pl) was added to each well and 5 pl
of tracer to TA. The plate was then developed in the dark
with gentle agitation for 60-90 min. A distinct yellow
color developed and the absorbance was measured by a
plate reader (Labsystem Multiskan, Helsiniki, Finland) at
412 nm. To determine the amount of IPT, a standard curve
was plotted with the percentage of tracer binding (%B/Bg)
against IPT concentration. The %B/B, was deduced by
using the equation: %B/By = [X — NSB/B(]-100 where
X is the absorbance of individual standards or tested serum
samples, NSB the non-specific binding and B the maxi-
mum binding. The amount of IPT was determined by
applying the standard curve and the concentration of IPT in
each tested serum sample was expressed as picogram per
milliliter (pg/ml).

Immunohistochemistry and quantitative measurement
Immunohistochemical staining was performed on depa-

raffinized formalin-fixed tissue sections of the carotid
bifurcation following methods described in detail

previously (Lam et al. 2008b; Tipoe and Fung 2003).
Sections were incubated with primary antibodies to the
following proteins: IL-1f (rabbit polyclonal antibody,
1:250 dilution, Cat # sc-7844, Santa Cruz, CA, USA); IL-6
(goat polyclonal antibody, 1:2000 dilution, Cat # sc-1265,
Santa Cruz, CA, USA); TNFu« (goat polyclonal antibody,
1:1000 dilution, Cat # sc-1350, Santa Cruz, CA, USA); IL-
1r1 (rabbit polyclonal antibody, 1:1250 dilution, Cat # sc-
689, Santa Cruz, CA, USA); gpl30 (rabbit polyclonal
antibody, 1:2500 dilution, Cat # sc-655, Santa Cruz, CA,
USA); TNFrl1 (rabbit polyclonal antibody, 1:1000 dilution,
Cat # sc-7895, Santa Cruz, CA, USA); nitrotyrosine (NTR)
(mouse monoclonal IgG antibody, 1:50 dilution, Cat #
321900, Zymed Laboratory Inc., CA, USA) and EDI1
(mouse monoclonal antibody, 1:1000 dilution, Cat # sc-
59103, Santa Cruz, CA, USA), in 0.05 M Tris—HCI buffer
containing 2% bovine serum albumin at 4°C overnight.
Detection was performed with streptavidin-biotinylated
peroxidase-linked reagents (LSAB kit, Dako, USA) with
diaminobenzidine. Control sections were prepared by
substitution of primary antibodies with buffer or normal
serum, and liquid-phase preadsorption of the used anti-
bodies with excess blocking antigens (IL-1f: Cat # 12393,
IL-6: Cat # 10406, TNF-a: Cat # T5944, Sigma, CA, USA)
(Fig. 1). The immunoreactivities of tested cytokines and
their corresponding receptors were measured using the
Leica QWIN Imager Analyzer (Cambridge, UK). Immu-
nostained sections were captured with a CCD JVC camera
using a Zeiss Axiophot microscope at 100x objective. The
luminance incident light passing through each section was
calibrated using the setup menu where the gray pixel values
were set to 0 and 1.00. Once the setup was ready, five fields
per section from one CB of one animal were measured. The
percent area of positive stain for the cytokine proteins was
measured by detecting the positive brown stain divided by
the sum areas of the reference field. A total of 20 fields for
four CBs from four different animals at each time point,
namely day 3 and 7, were determined. The mean value of
the 20 fields was calculated to represent each time point.

Immunohistochemical localization of cytokines,
receptors and macrophages

Immunofluorescent double-labeling technique was used to
determine the immunohistochemical localization of cyto-
kines and their receptors as well as macrophage infiltration
(Fung et al. 2002; Lam et al. 2008a). Briefly, CB sections
were incubated overnight at 4°C with seven sets of primary
antibodies: (1) IL-1§ and tyrosine hydroxylase (TH) (sheep
IgG antibody, Cat # AB1542, Chemicon International Inc.,
CA, USA); (2) IL-6 and TH; (3) TNFo and TH; (4) IL-1r1
and TH; (5) gp130 and TH; (6) TNFrl and TH; (7) ED1
and TH. After thorough washing with PBS, the primary
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Fig. 1 Photomicrographs show negative immunostaining of the carotid body sections with blocking antigens for the liquid-phase preadsorption
(upper panels). Sections in the lower panels were positively stained with immunofluorescence (see “Methodology” for details). Bar 50 pm

antibodies were detected using anti-rabbit/goat Ig labeled
with rhodamine for the cytokines and their corresponding
receptors and anti-sheep Ig labeled with fluorescein iso-
thiocyanate (FITC) for TH for 2 h at room temperature,
respectively. Positive immunoreactivity for the cytokines,
receptors and macrophage (red) and for TH (green) was
examined with a confocal microscope equipped with a DC
200 digital camera (Leica Microsystems Ltd, Bannock-
burn, IL, USA). Control sections were prepared by sub-
stitution of primary antibodies with buffer or normal
serum. To ensure no cross-reactivity between the primary
antibodies and the unrelated second antibodies, sections
were incubated with only one primary antiserum and fol-
lowed by both secondary antisera.

Reverse transcription polymerase chain reaction

Eight CBs were pooled for the isolation of total RNA and
RT-PCR. Isolated total RNA (5 pg), quantified by spec-
trophotometer, was subjected to first strand cDNA syn-
thesis using random hexamer primers and Superscript 11
transcriptase (Invitrogen, USA) in a final volume of 20 pl.
After incubation at 42°C for 1 h, the reaction mixture was
treated with RNase H before proceeding to PCR analysis.
The final mixture (2 pl) was directly used for PCR
amplification. All RNA was shown to be free of DNA
contamination by RT-PCR without addition of reverse
transcriptase. The primer sequences and the PCR
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conditions for the tested cytokines, receptors, chemokines
and NADPH oxidase subunits are listed in Table 1. Ali-
quots of the PCR products were electrophoresed on 2%
agarose gels stained with ethidium bromide and photo-
graphed. The optical density of the bands was quantified by
Image J (NIH, MD, USA) and the optical density of mRNA
and internal control (f-actin or S16) was expressed as ratio
represented by arbitrary units in the figures.

Spectrofluorometric measurement

Following deep anesthesia with halothane, rats were
decapitated and the carotid bifurcation was excised rap-
idly. The CB was carefully dissected free from the
bifurcation in ice-cold rat Ringer’s (contained in mM:
NaCl 125, KCI 3.1, NaHCO; 26, NaH,PO, 1.25, MgSO,
1.3, CaCl, 2.4, D-dextrose 10), oxygenated with 95% O,
and 5% CO, (pH 7.4). The CB was then incubated in a
tissue bath with collagenase (0.06%) and protease (0.02%)
in oxygenated Ringer’s for 30 min at 35 + 1°C (Fung
et al. 2001). Following enzymatic treatment, cells in the
CBs were dispersed by gently triturating with pipettes.
Cells were incubated in 5 uM fura-2 acetoxymethyl ester
(fura-2AM; Molecular Probes, Eugene, OR, USA) in
Ringer’s for 30 min at room temperature. The cells were
then centrifuged at 200g for 5 min and prepared for the
spectrofluorometric measurement of [Ca”]i. Glomus cells
in clusters of five to ten cells were studied and the
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Table 1 RT-PCR primers sequences and conditions

RT-PCR conditions

RT-PCR primers (5’ to 3')

Gene name

Cycle no.

Annealing Elongating

Denaturing

Reverse

Forward

38

ACCCAACTGAGACTTCTTGCTCCC 94°C, 90 s 55°C, 1 m 72°C, 2 m

TCCAACTGACACAGCATGTTC
GCTTATCACAGCCACAAGC

GGAATCCTCCACACCCTGTTTC
TCAACTTGTGGAACCATGTGG
CTGAGCGAATTGTACGTGG

CCR2

72°C, 1 m 35
35
38
35

66°C, 1 m

94°C, 1 m

gpl30

55°C, 45 s 72°C, 45 s

95°C, 30 s

gp9 1 phox

55°C, 1 m 72°C, 2 m

94°C, 90 s

TTCCTTTTCTTCTCTTGCTTG

GCCGCTCATTTACACCTATTA

ICAM-1

IL-1r1

62°C, 1 m 72°C, 1 m

94°C, 1 m

GTAACCTCGATGGTATCTTCCC

CGAAAGACTATCAGTTTTTGGAAC

35
35

59°C, 1 m 72°C, 30 s

95°C, 15 s

GGAACTGTGCAGACTCAAACTC

AAAGAAGAAGATGGAAAAGCGGTT

IL-18
IL-6

62°C, 1 m 72°C, 1 m

94°C, 1 m

TAGCCACTCCTTCTGTGACTCTAACT
CCTGTTGTTCACAGTTGCTGCC

GACTGATGTTGTTGACAGCCACTGC

35
35
35
35
28

60°C, 2 m 72°C, 2 m

94°C, 1 m

TCTACAGAAGTGCTTGAGGTGGTTG
CCCTTGCTGTTCTTCTCTGCAC
TCTGCGATTCAGTGCTGTCAGC

TTGTTGCAGGAGTGCTATC

MCP-1

94°C, 1 m 60°C, 2 m 72°C, 2 m

GCATTCAGTTCCAGCTCAGTGATG

GATTTGCCTGCCTTTTTTGGTC
AATGGGAGTCCACTGCTAC

MIP-1«

60°C, 2 m 72°C, 2 m

94°C, 1 m

MIP-1p
p22phox
S16

55°C, 45 s 72°C, 45 s

95°C, 30 s

95°C, 30 s 58°C, 30 s 72°C, 45 s

GCCAAACTTCTTGGATTCGCAGCG

ATTCCTTCACCCTCCACCTC

TCCGCTGCAGTCCGTTCAAGTCTT
GAACACCGTGTGTAACTGCC

35

62°C, 1 m 72°C, 1 m

94°C, 1 m

TNFrl

38

55°C, 1 m 72°C, 2 m

94°C, 90 s

TACAGGCTTGTCACTCGAATT

ATGAGCACAGAAAGCATGATC

TNFo

morphological criteria for their confirmation as glomus
cells was according to the methods used in previous
reports (Fung et al. 2001; Wasicko et al. 1999). The cells
were seeded on a coverslip placed in the stage of an
inverted microscope coupled with a dual-wavelength
excitation spectrofluorometer (Photon Technology Inter-
national, Lawrenceville, NJ, USA). The cells were per-
fused with Ringer’s buffer at a flow rate of 0.5 ml/min in
a 0.5 ml chamber at physiological temperature
(36 £ 1°C). The fluorescence intensity in the background
was measured and subtracted from the signals. Fluores-
cent signals were obtained at 340 and 380 nm excitation
wavelengths. The ratio of the fluorescence intensity
(340-380 nm) was used to estimate [Ca’*'); in the cells.
The [Ca®']; was calculated by using the equation:
[Ca2+]i = K4 [(Ry — Rmin)/(Rmax — Ro)1P, where R, is the
fluorescence ratio, R, is the fluorescence ratio at zero
Ca®", R, is the fluorescence ratio at saturated Ca**, K
is the dissociation constant for fura-2 (224 nm) and f is
the ratio of 380 nm fluorescence intensity at zero Ca** to
380 nm fluorescence intensity at saturated Ca®". The
chemosensitivity of the glomus cells was determined by
the [Ca®"]; response to hypoxia, which was induced by
switching the perfusate to the Ringer’s gassed with 5%
CO, in nitrogen for 2 min. Following recovery for
10-15 min, the cells were treated with drugs or vehicle
before a second exposure to hypoxia. Concentration
dependence was determined by the [Ca®"]; response to
IL-1p, IL-6 and TNF« at 0.01, 0.1 and 1 nM. The cyto-
kine was perfused for 5 min before the cells were exposed
to hypoxia. For the blockade study, the antibodies
(100 nM) used were IL-1f (rabbit polyclonal antibody,
Cat # sc-7844, Santa Cruz, CA, USA); IL-6 (goat poly-
clonal antibody, Cat # sc-1265, Santa Cruz, CA, USA);
TNFo (goat polyclonal antibody, Cat # sc-1350, Santa
Cruz, CA, USA).

Data analysis and statistics

GraphPad Prism® software (GraphPad Software, Inc., San
Diego, USA) was used to analyze the data. Statistic com-
parison between groups was done using the Mann—Whitney
U test or the Kruskal-Wallis test followed by post hoc
Dunn’s test to compare three or more groups. Results were
expressed as box plots for the IH group and the Nx control.
Statistical significance was set at a p value <0.05 versus the
respective Nx control groups. For RT-PCR, the mRNAs
expression for the tested cytokines was normalized in %
control of the f-actin expression. For the [Ca®'];, the
resting and peak values of the fluorescence ratio of 340 and
380 nm or calibrated [Ca2+]i (nM) of the response to
hypoxia with or without prior treatment of the drugs were
calculated.

@ Springer



308

Histochem Cell Biol (2012) 137:303-317

Results

Effect of chronic IH on oxidative stress and local
inflammation in the carotid body

Study with ELISA was performed to determine the total
8-isoprostane (IPT) level in the serum. The IPT level was
significantly increased in the 7-day IH group but not in the
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Fig. 2 a Levels of total IPT in the serum of rats in IH and Nx for 3
(D3) and 7 days (D7). *p < 0.05 versus corresponding Nx (n = 4 for
each group). b Protein expression of NTR in the CB of rats in IH and
Nx for 3 (D3) and 7 days (D7). Data are presented in % positive
immunostains with positive staining of NTR immunoreactivities.
*p < 0.0005 versus corresponding Nx (n =4 for each group).
¢ Immunohistochemical localization of ED1 and TH in the CB of
rats in IH and Nx for 3 (D3) and 7 days (D7). Distinct immunore-
activities for ED1 (red) were localized to the macrophages, while
intense immunoreactivities for TH (green) were localized to the
clusters of type I glomus cells in the CB. Bar 10 pum. The protein
expressions of ED1 are presented in % positive immunostains with
positive staining of EDI immunoreactivities. *p < 0.05 versus
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3-day IH group, when compared with the Nx controls
(Fig. 2a). In addition, immunohistochemical study showed
that the immunoreactivity of nitrotyrosine (NTR) was
present in the CB. Image analysis measuring the % CB area
with positive immunostaining of NTR showed significant
increases in the NTR expression in the 3- and 7-day IH
groups when compared with the Nx controls (Fig. 2b).
These results suggest an increased level of oxidative stress
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corresponding Nx (n = 4 for each group). d RT-PCR analysis of
the mRNA expression of the NADPH oxidase subunits (gp91P"* and
p22P"°%y in 7-day Nx and IH rat CB. The expected size of PCR
products from gp91P* is 450 bp, p22P"** is 275 bp and f-actin is
436 bp. The graph shows relative expressions of the NADPH oxidase
subunits/f-actin mRNA (% of control). *p < 0.05 versus the corre-
sponding Nx (n = 3 for each group). e RT-PCR analysis of the
mRNA expression of chemokines in 7-day Nx and IH rat CB. The
expected size of PCR products from MCP-1 is 396 bp, CCR2 is
409 bp, MIP-1a is 977 bp, MIP-1§ is 1,100 bp, ICAM-1 is 413 bp
and f-actin is 436 bp. The graph shows relative expressions of the
chemokines/f-actin mRNA (% of control). *p < 0.005 versus the
corresponding Nx (n = 7 for each group)
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in the tissues during the first week of the IH treatment.
Local inflammation was examined by assessing the amount
of positive-staining cells with macrophage marker (ED1)
and the expression of NADPH oxidase subunits, gp91°"*
and p22P"* in the CB. The level of ED1-immunoreactivity
was significantly elevated in 3- and 7-day IH groups when
compared with the controls, indicating an increase in
infiltration of macrophages in the CB in chronic IH
(Fig. 2¢). Besides, levels of mRNA expression of the
NADPH oxidase subunits were significantly increased in
the CB of rats treated with 7-day IH when compared with
the control (Fig. 2d). Furthermore, studies with RT-PCR
showed that the mRNA transcripts of chemokines were
expressed in the CB. Levels of the mRNA expression of
MCP-1, CCR2, MIP-1a, MIP-1f and ICAM-1 were sig-
nificantly increased in the IH group by ca. 15-35% of the
Nx control, whereas the f-actin expression remained
unchanged (Fig. 2e). Results strongly support that chronic
IH induced a local inflammation in the CB.

Expression and localization of proinflammatory
cytokines and cytokine receptors

Immunohistochemical studies demonstrated the expression
and localization of the proinflammatory cytokines (IL-1,
IL-6 and TNF«) and the cognate receptors (IL-1r1, gp130
and TNFr1) in the CB. Positive-staining cells with immu-
noreactivities of IL-1f, 1L-6, TNFa, IL-1rl, gp130 and
TNFrl were found in all the CB sections (Figs. 3, 4, 5).
Image analysis measuring the % CB area with positive
immunostaining of IL-14 (Fig. 3a) and IL-1r1 (Fig. 3b);
IL-6 (Fig. 4a) and gp130 (Fig. 4b); and TNF« (Fig. 5a) and
TNFrl (Fig. 5b) showed significant increases in the
expression of the cytokines and receptors in the IH group
when compared with their respective Nx controls. The
proportional amount of the CB cells expressing positive
immunoreactivities was increased at day 3 in IH and
remained at elevated levels throughout the time course.
Double-labeling immunohistochemical studies showed that
immunoreactivities for the IL-1f (Fig. 3c) and IL-Irl
(Fig. 3f); IL-6 (Fig.4c) and gpl30 (Fig. 4f); TNF«
(Fig. 5¢) and TNFr1 (Fig. 5f) were mainly in the lobules of
cell clusters containing TH-immunoreactivity, a cellular
marker for chemosensitive type I glomus cells (Kameda
et al. 1990) (Figs. 3d, g, 4d, g, 5d, g). The co-localization
of IL-1f, IL-6, TNFa, IL-1rl, gp130 and TNFrl with the
TH-containing glomus cells was evidenced by the overlay
of immunostaining for: IL-1§ and TH (Fig. 3e); IL-Irl
and TH (Fig. 3h); IL-6 and TH (Fig. 4e); gp130 and TH
(Fig. 4h); TNFo and TH (Fig. 5e); TNFrl and TH
(Fig. 5h). Specificity of the immunostaining was validated
by negative control experiments, which were stained
uniformly negative (Fig. 1). Moreover, results of RT-PCR
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Fig. 3 Protein expressions of a IL-1f and b IL-1r1 in the CB of rats in
IH and Nx for 3 (D3) and 7 days (D7). Data are presented in % positive
immunostains with positive staining of IL-1f and IL-1r]l immunore-
activities. *p < 0.0001 versus corresponding Nx (n = 4 for each
group). Immunohistochemical co-localization of IL-1 and TH/IL-1r1
and TH in the CB of rats with 7-day IH treatment. Distinct
immunoreactivities for ¢ IL-1f and f IL-1r1 were localized to the
glomus cell clusters (red) in the CB. d, g Intense immunoreactivities
for TH were localized to the clusters of type I glomus cells (green) in
the CB. Immunoreactivities for e IL-1/ and h IL-1r1 were co-localized
predominantly with that for TH in the cell clusters of the glomus cell
(yellow) double immunostaining. Bar 10 pm. i RT-PCR analysis of the
mRNA expression of IL-1f and IL-1r1 in 7-day Nx and IH rat CB. The
expected size of PCR products from IL-1£ is 100 bp, IL-1r1 is 100 bp
and f-actin is 436 bp. The graph shows relative expressions of the IL-
1/p-actin or IL-1r1/f-actin mRNA (% of control). *p < 0.05 versus
the corresponding Nx (n = 7 for each group)

studies showed that mRNA transcripts of the cytokines
and their corresponding receptors were expressed in the
CB (Figs. 3, 4, 5). There were significantly higher levels
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Fig. 4 Protein expressions of a IL-6 and b gp130 in the CB of rats in
IH and Nx for 3 (D3) and 7 days (D7). Data are presented in %
positive immunostains with positive staining of IL-6 and gpl30
immunoreactivities. *p < 0.005 versus corresponding Nx (n = 4 for
each group). Immunohistochemical co-localization of IL-6 and TH/
gpl30 and TH in the CB of rats with 7-day IH treatment. Distinct
immunoreactivities for ¢ IL-6 and f gp130 were localized to the
glomus cell clusters (red) in the CB. d, g Intense immunoreactivities
for TH were localized to the clusters of type I glomus cells (green) in
the CB. Immunoreactivities for e IL-6 and h gp130 were co-localized
predominantly with that for TH in the cell clusters of the glomus cells
(vellow) double immunostaining. Bar 10 pm. i RT-PCR analysis of
the mRNA expression of IL-6 and gp130 in 7-day Nx and IH rat CB.
The expected size of PCR products from IL-6 is 509 bp, gp130 is
375 bp and f-actin is 436 bp. The graph shows relative expressions of
the IL-6/f-actin or gp130/f-actin mRNA (% of control). *p < 0.005
versus the corresponding Nx (n = 7 for each group)

of mRNA expression of IL-1f and IL-1r1 (Fig. 3i); IL-6
and gp130 (Fig. 4i); and TNF« and TNFr1 (Fig. 5i) in the
IH group than in the Nx control, whereas the expression
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Fig. 5 Protein expressions of a TNFo and b TNFrl in the CB of rats
in IH and Nx for 3 (D3) and 7 days (D7). Data are presented in %
positive immunostains with positive staining of TNFa and TNFrl
immunoreactivities. *p < 0.0001 and *p < 0.005 versus correspond-
ing Nx (n = 4 for each group). Immunohistochemical co-localization
of TNFa and TH/TNFrl and TH in the CB of rats with 7-day IH
treatment. Distinct immunoreactivities for ¢ TNFo and f TNFrl were
localized to the glomus cell clusters (red) in the CB. d, g Intense
immunoreactivities for TH were localized to the clusters of type I
glomus cells (green) in the CB. Immunoreactivities for e TNFx and
h TNFr1 were co-localized predominantly with that for TH in the cell
clusters of the glomus cell (yellow) double immunostaining. Bar
10 pm. i RT-PCR analysis of the mRNA expression of TNFo and
TNFrl in 7-day Nx and IH rat CB. The expected size of PCR products
from TNFo is 276 bp, TNFrl is 301 bp and f-actin is 436 bp. The
graph shows relative expressions of the TNFa/fS-actin or TNFrl/f-
actin mRNA (% of control). *p < 0.005 versus the corresponding Nx
(n = 7 for each group)

levels of pf-actin remained unchanged. The relative
expression changes were increased by ca. 15-45% of the
Nx control.
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[Ca®"]; response to exogenous cytokines

Resting [Ca®']; levels of the glomus cells were 99.7 &
5.2 nM (n = 40). An elevated [Ca>"]; was observed in the
dissociated glomus cells perfused with deoxygenated buf-
fer. The peak [Ca®']; level was reached shortly following
acute hypoxia and the level gradually returned to the
resting levels within 5 min (Figs. 6, 7, 8). The cytokines
enhanced the [Ca2+]i response to hypoxia in both TH
(Figs. 6a, 7a, 8a) and Nx groups (Figs. 6b, 7b, 8b). The
[Ca®"]; responses were significantly increased in the IH, but
not in the Nx group. The effects of cytokines on the [Ca®"];
response were comparable in studies with IL-1f, IL-6 and
TNFo. On average, cytokines at 0.01-1 nM concentration
dependently increased the [Ca®"]; response to hypoxia by
10-40% in comparison to the vehicle control for IL-1f
(Fig. 6¢), IL-6 (Fig. 7c¢) and TNFa (Fig. 8c). The [Ca2+]i
responses for 0.1 nM of IL-1f (Fig. 6d), IL-6 (Fig. 7d) and

1]

TNFa (Fig. 8d) were increased significantly in the TH group
by ca. 15-35% of the Nx control. The cytokine effects were
largely diminished in the presence of antibody for IL-1/
(Fig. 6¢), IL-6 (Fig. 7c) and TNFa (Fig. 8c).

Effects of anti-inflammatory drugs on oxidative stress
and local inflammation in the carotid body

Concomitant treatment of IH rats daily with anti-inflammatory
drugs, dexamethasone or ibuprofen, significantly attenuated
the levels of NTR expression (Fig. 9a), macrophage infiltra-
tion (Fig. 9b) and gp91P"** expression (Fig. 9¢) in the CB.

Discussion

This is the first report showing that chronic IH induces a
local inflammation of the CB with functionally upregulated
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Fig. 6 IL-1p increased [Ca®"]; response to acute hypoxia induced by
perfusion of deoxygenated Ringer’s gassed with nitrogen balanced
with 5% CO, (Hx, 2 min) in dissociated glomus cells of the rat CB.
Vehicle had no effect on the hypoxic response. IL-15 (0.1 nM)
enhanced the [Ca®'] response to Hx in a IH and b Nx. ¢ IL-1f§
(0.01-1 nM) concentration dependently enhanced the peak [Ca®*);

1600 1800

IL-1p (0.1 nM
*p <005 B( )

responses to Hx. Treatment with excess antibody diminished the IL-
1 -induced [Ca®™); change. The [Ca>™); response to Hx are presented
as percent of the pretreatment control (% Control). *p < 0.05 versus
the corresponding pretreatment control (n = 7 for each group). d The
relative expression of IL-1f/vehicle (% of control) in Nx and IH.
*p < 0.05 versus the corresponding Nx (n = 7 for each group)
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Fig. 7 IL-6 increased [Ca>"]; response to acute hypoxia induced by
perfusion of deoxygenated Ringer’s gassed with nitrogen balanced
with 5% CO, (Hx, 2 min) in dissociated glomus cells of the rat CB.
Vehicle had no effect on the hypoxic response. IL-6 (0.1 nM)
enhanced the [Ca®™]; response to Hx in a IH and b Nx. ¢ On average,
IL-6 (0.01-1 nM) concentration dependently enhanced the peak
[Ca®t); responses to Hx. Treatment with excess antibody diminished

cytokine pathways. The CB plays an important role in the
pathophysiological changes in the cardiorespiratory activ-
ities in chronic TH (Prabhakar et al. 2001). The chronic
effect of IH involves an increase in the ROS generation,
which could play an essential role in IH-induced alterations
in the CB function in OSA patients (Peng et al. 2003;
Prabhakar et al. 2007b). Indeed, our results demonstrated
that levels of serum IPT and NTR in the CB were
remarkably elevated in the IH rat, suggesting that chronic
IH induces oxidative stress in the CB. In this context, an
increase in ROS generation could be an important con-
tributing factor in the IH-induced oxidative stress, leading
to the local inflammation and functional alterations in the
CB. In fact, our findings demonstrated that chronic IH
induces macrophages infiltration and transcriptional
upregulation of the expression of NADPH oxidase subunits
in the CB, which could increase the local ROS generation.

@ Springer

the IL-6-induced [Ca**]; change. The [Ca*™); response to Hx are
presented as percent of the pretreatment control (% Control).
*p < 0.05 versus the corresponding pretreatment control (n = 7 for
each group). d The relative expression of IL-6/vehicle (% of control)
in Nx and IH. *p < 0.05 versus the corresponding Nx (n = 7 for each
group)

Besides, transcriptional upregulation of the chemokines in
the CB could participate in the inflammatory processes.
The IH-induced chemokine expression could be an
inflammatory cascade to attract inflammatory cells to the
CB as evidenced by the infiltration of macrophages, lead-
ing to an increased level of local ROS generation. Thus, the
augmented expression of chemokines induced by chronic
IH plays a role in the CB inflammation mediated by the
oxidative stress.

It has been suggested that NADPH oxidase could play a
unique role in modulating the activity of chemosensitive
glomus cells, because both subunits of the phagocyte
cytochrome b558, namely gp91P"* and p22P™*, were
found in the CB (Kummer and Acker 1995; Youngson
et al. 1997). In agreement with the previous observation,
we found that mRNA transcripts of gp91°"** and p22P"**
are present in the CB; notably, the expression levels were
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Fig. 8 TNFu increased [Ca®*]; response to acute hypoxia induced by
perfusion of deoxygenated Ringer’s gassed with nitrogen balanced
with 5% CO, (Hx, 2 min) in dissociated glomus cells of the rat CB.
Vehicle had no effect on the hypoxic response. TNFa (0.1 nM)
enhanced the [Ca2+]i response to Hx in a IH and b Nx. ¢ TNF«
(0.01-1 nM) concentration dependently enhanced the peak [Ca*™);
responses to Hx. Treatment with excess antibody diminished the

significantly increased by the IH treatment. It has been
shown that macrophages are a major source of NADPH
oxidase subunits in the CB (Dvorakova et al. 2000).
Indeed, our results also showed that chronic IH elicits a
significant increase in the amount of infiltrated macro-
phages in the CB. This could increase the levels of NADPH
oxidase and ROS generation exaggerating the oxidative
stress induced by chronic IH. Nonetheless, other subunits
of NADPH oxidase subunits, p47phox and p67ph°", have
also been found in the glomus cells (Kummer and Acker
1995) and might play roles in the IH-induced ROS gen-
eration. It has been reported that hypoxia-induced ROS
generation was absent in glomus cells derived from
p47P"*_decificent mice (He et al. 2005).

Proinflammatory cytokines (IL-1, IL-6 and TNFx) and
the cognate receptors (IL-1rl, gp130 and TNFrl) are
locally expressed in the rat CB (Lam et al. 2008a; Liu et al.
2009; Wang et al. 2002, 2006). Increases in local cytokines

1600 1800

TNFa (0.1 nM)
*p <0.005

TNFo-induced [Ca®**]; change. The [Ca®>']; response to Hx are
presented as percent of the pretreatment control (% Control).
*p < 0.005 versus the corresponding pretreatment control (n = 7
for each group). d The relative expression of TNFa/vehicle (% of
control) in Nx and IH. *p < 0.005 versus the corresponding Nx
(n = 7 for each group)

expression might play a role in mediating the local
inflammation and functional alterations of the CB in
chronic TH. Importantly, here we showed that chronic IH
induces a functional upregulation of the expression of
cytokines and their receptors in the CB. Thus, there were
increased levels of the mRNA expression for IL-1f and IL-
1r1; IL-6 and gp130; and TNFo and TNFrl1 in the IH group.
In addition to the transcriptional upregulation, the amount
of cells with the protein expression for IL-1f and IL-1rl;
IL-6 and gpl130; and TNFo and TNFrl was found to be
significantly more in the IH group, where the expressions
were localized to the chemosensitive glomus cells con-
taining TH in the CB. In addition, [Ca2+]i responses to
acute hypoxia in the dissociated fura-2-loaded glomus cells
were concentration dependently (0.01-1 nM) enhanced by
proinflammatory cytokines (IL-1f, IL-6 and TNFa) and
were significantly upregulated in the IH group. The
diminishing effect of the [Ca®"]; responses in the presence
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Fig. 9 Effects of anti- a
inflammatory drugs on the

levels of oxidative stress and o

local inflammation in the CB. E

a Protein expression of NTR in % o
the CB of IH rats with or © o
without treatment of o £
dexamethasone (DIH) or g g‘
ibuprofen (IIH). Data are 2 E
presented in % positive ﬁ 8
immunostains with positive g @
staining of NTR 2

immunoreactivities. 0
**¥p < 0.005 versus the
corresponding Nx; # <0.05,

## <0.005 versus the
corresponding IH (n = 4 for
each group). b Double-
immunohistochemical
localization of ED1 (red) and
TH (green) in the CB of rats in
Nx, IH, DIH and IIH groups.
Bar 10 pm. The protein
expressions of EDI are
presented in % positive
immunostains with positive
staining of ED1
immunoreactivities. 15
*#*p < 0.005 versus the
corresponding Nx; ## <0.005
versus the corresponding TH

(n = 4 for each group). ¢ RT- 10
PCR analysis of the mRNA

expression of the NADPH

oxidase subunit gp91P"* (gp91) 5

in the CB of Nx, IH and ITH
groups. The graph shows
relative expressions of gp91 and
S16 mRNA level. The expected
size of PCR product from S16 is
385 bp. **p < 0.005 versus the
corresponding Nx. # <0.05,

## <0.005 versus the
corresponding IH (n = 3 for
each group)

% Positive area of ED1
staining in CB

c

of antibody for the proinflammatory cytokines suggests the
effects of which of the cascade response in CB are likely to
be mediated by their corresponding receptors (IL-1rl,
gpl30 and TNFrl) expressed in the CB glomus cells.
Indeed, IL-1 receptor antagonist attenuated the CB
response to IL-1f stimulation in the anaesthetized rat in
vivo (Shu et al. 2007). These findings strongly suggest that
the hypoxic response of chemosensitive glomus cells is
influenced by the proinflammatory cytokines, via cognate
receptors, and is more prominently in IH with an upregu-
lation of the local expression of the cytokines and
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receptors. As a result, these could increase the local
cytokine level and the CB sensitivity to cytokines under
hypoxic conditions.

The repetitive short cycle of oxygen desaturation fol-
lowed by rapid reoxygenation is likely to play a significant
role in the pathogenesis of cardiovascular complications in
OSA patients (Prabhakar et al. 2001). It has been suggested
that the transcription factor, hypoxia-inducible factor
(HIF)- 1, plays an important role in the CB response to IH
(Lam et al. 2008b), which could be important for the
transcriptional regulation of HIF-target genes as an
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adaptive mechanism in tissue hypoxia. Additionally, there
is increasing evidence showing that IH leads to a prefer-
ential activation of inflammatory over adaptive pathways,
which promotes activation of various inflammatory cells,
particularly lymphocytes and monocytes (Ryan and
McNicholas 2008; Yamauchi and Kimura 2008). In this
context, proinflammatory cytokine pathways could be
activated by tissue hypoxia, because the expression of
cytokines and cognate receptors in the CB chemosensitive
cells are increased in chronically hypoxic rats (Lam et al.
2008a; Liu et al. 2009). In addition to the chemosensitive
cells, the infiltrated macrophages may also express the
cytokines and/or cognate receptors, which could contribute
to the inflammatory cascade in the CB. More importantly,
increased levels in the ROS and oxidative stress are unique
pathophysiological features of chronic IH (Prabhakar et al.
2007b). Oxidative stress has been known to be involved in
the activation of redox-sensitive transcription factors
including NFxb, which regulates downstream gene prod-
ucts, inflammatory cytokines, chemokines and adhesion
molecules (Barnes and Karin 1997). As a result, the
increase in ROS generation and the upregulated cytokine
pathways demonstrated in the CB may contribute to the IH-
induced local inflammation. Moreover, proinflammatory
cytokines, including TNFa and IL-1f, and HIF-1a also
cause the activation of NFxb (Rius et al. 2008; Sakon et al.
2003; Taylor 2008). The interplay of these molecules could
lead to a positive regulatory loop that may further amplify
and perpetuate the local inflammatory response in the CB.
In fact, we showed that concomitant treatment of the
hypoxic rats with anti-inflammatory drugs, dexamethasone
or ibuprofen, could attenuate the levels of oxidative stress
and macrophage infiltration in the CB. Thus, the activation
of proinflammatory cytokine pathway may play mecha-
nistic roles in mediating the local inflammation and in
contributing to the functional alteration of the CB in
chronic ITH, leading to the pathogenesis of cardiovascular
morbidity in OSA patients.

In summary, our results suggest that chronic IH induces
a local inflammation of the CB with functionally upregu-
lated cytokine pathways. Local inflammation in the CB
with macrophages infiltration and upregulated expression
of NADPH oxidase during IH could contribute to the
increased generation of ROS. Transcriptional upregulation
of the chemokines could further amplify the local inflam-
matory cascade. In addition, the increased expressions of
proinflammatory cytokines play a functional role in the
enhancement of CB excitability during IH. The elevation
of cytokine levels could alter the hypoxic response of the
chemosensitive glomus cells, which may be one of the
cellular mechanisms underlying the alteration of CB
functions relevant to the cardiopulmonary control under
IH. Furthermore, the chemosensitive glomus cells appear

to play an important role in the local inflammation because
of the expression of the cytokines and the cytokine
receptors. Thus, the upregulated expression of the local
proinflammatory cytokine pathways could mediate the
local inflammation and functional alteration of the CB in
chronic IH associated with OSA conditions.
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